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ABSTRACT
A method for obtaining equivalent descriptions of many states is
described. This method uses a full valence MCSCF to identify the impor-
tant configurations. These important configurations are then used in
limited MCSCF and‘then followed by single and double excitation CI or

POLCI. The treatment of higher states of a given symmetry is also dis-

cussed.
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Two basic types of configuration interaction
(CI) calculations are routinely used in accurate
ab initio calculations. They are the First Order
c1! (FOCI) and the all single and double excita-
tion CI, CI(SD). 1In both cases the orbitals are
initially optimized using a limited MCSCF. Recent
advances in MCSCF Theory” now permit MCSCF calcu-
lation containing 200 CSF's to be performed with
little effort in excess of the previous small
MCSCF calculations. Thus, it is now possible to
optimize the orbitals for a FOCI, by performing a
full valence MCSCF (FVMCSCF). If the FOCI is too
large and a POLCI® ( a POLCI is best viewed as a
FOCI with CSF selection) is to be used or a CI(SD)
is to be run, the FVMCSCF can be employed to iden-
tify the dominant configurations in the wavefunc-
tion. FVMCSCF calculations are performed at var-
ious points on the surface, the natural orbitals
(NO's) obtained and FVCI repeated in the NO basis.
The union of all important configurations is then
used in a small MCSCF. This MCSCF 1is followed by
either the POLCI or CI(SD), using the orbitals ob-
tained in the small MCSCF. By performing the
FVMCSCF, one simplifies the procedure for identi-
fying the important CSF's which should be included
in the MCSCF.

Limited MCSCF calculations followed by CI cal-
culations are a standard treatment for the lowest
state in each symmetry. One exception would be
when transition moments are desired. In this case
a common set of orbitals would be used, but even
in this case the separate MCSCF orbital optimiza-
tion followed by CI is usually performed to cali-
brate the common orbital set. In principle one
could use the same techniques on the higher states
of a given symmetry, but in practice new problems
arise. As one optimizes an upper root, the de-
scription of the lower root is degraded. This can
lead to a flipping of these two states and the
loss of the upper bound to the desire root.
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Hinze" has proposed optimizing the orbitals
based on the averaged field of the states of inter-
est. He also noted that one must compensate for
the poorer description of the orbitals by adding
additional CSF's. The addition of CSF's to the
MCSCF greatly increased the size of the CI(SD) and
can quickly make the problem intractable. If the
configuration 1list is not increased, it seems un-
likely the states treated by averaged field method
will be as accurate as those state for which an in-
dependent optimization of the orbitals is per-
formed. Averaging all states of interest would en-
counter problems if all states but one were well
described by one set of orbitals. The average
field technique would treat one state more poorly
than the rest. While the averaged field technique
avoids the problem of variational collapse, it may
not treat all states equivalently for a configura-
tion 1list small enough to allow a CI(SD). Ideal-
ly, one would like to perform an independent var-
iational calculation on each state. Grein® has
noted if variational collapse begins to occur, a
small CI would indicate which CSF's are needed to
keep the lower roots in place. While in principle
the MCSCF could become prohibitively 1large, in
practice this does not appear to be a problem. We
find for ionic systems such as BeO, Mg0, and Cal
that FVMCSCF - FOCI calculations yield poor separ-
ations between the low-lying states and instead a
limited MCSCF followed by CI(SD) was employed.

The addition of the CSF's needed to prevent varia-
tional collapse can make the CI(SD) prohibitively
large. Also for a FVMCSCF - FOCI if an upper root
collapsed, the addition of the CSF's needed to
prevent the variational collapse would represent a
redefinition of the valence space. Liu® has found
that in some cases the addition of extra orbitals
to the valence space in a MCSCF - POCI calculation
can actually yield poorer results and therefore
should be avoided.

Our general procedure is to perform a FVMCSCF
at several representative points on the surface.
The important and marginally important configura-
tions are included in a small MCSCF. Those CSF's
with a coefficient smaller than 0.1 at all points
are dropped and the final CSF list is chosen.

This final 1list is used in an MCSCF and followed
by a CI(SD). If one is only considering the low-
est root, repeating the FVCI in terms of NO's can
simplify the indentification of the important CSF,
but for several roots this is not advisable. In
Be0, for example, in the NO basis the 1!I*gtate
would be described by




2,2,2 2 4

10" 20”7 30" 40" 1Im (1)
lcr2 202 302 502 lwl' (2)
102 202 30% 40® 1n? 202 (3)

but the second and third roots would be nominally
described as
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Starting from (1), (4) and (5) provides a good
description of the first and second roots, but
starting from (1), (2) and (3) for the first root
would necessitate adding other CS5F's to describe
the second root.

The cases where it is impossible to perform
separate optimizations on higher roots £all into
two categories: 1) the FVMCSCF calculation col-
lapses and in 2) the limited MCSCF undergoes var-
iational collapse. In the former we do not add any
additional configurations. In the case of Cal

12+ states, we overcome this collapse by performing

a FYMCSCF (where 8d, 90, 100, 37 and 4T are va-

4
lence orbitals) on the lowest 12 state, obtained
the natural orbitals, then used these NO's in

FVMCSCF for the 2'L' with the 80 orbital frozen

to be the 80 NO. The important CSF's from both
roots included in an MCSCF calculation, and the
orbitals optimized for the lst root. The second
root orbitals are then optimized with the 80 or-
bital to be the 80 orbital of the ground state.

The second case where the limited MCSCF collapses,
arises when the roots are close and the marginal
CSF's of the first root are important in preventing
root flipping. If the number of CSF's to be added
is too large, we freeze an orbital (or orbitals) to
be an orbital obtained in limited MCSCF calculation
of the ground state. Since we have performed the
FVMCSCF calculations we have some measure of the
severity of these constraints.

We have noted that if the wmarginally impor-
tant CSF's are added to the MCSCF, the energy of
the limited MCSCF is within a few milli-hartrees of
the FVMCSCF. For Mg0 the number of CSF's need to
approach the FVMCSCF is less than 15 CSF's for all
the low lying states. In order to minimize the un-
certainty in our calculations we avoid CSF selec-
tion whenever possible and if forced to select we
keep the cumulative 7 selection threshold an order
of magnitude smaller than the accuracy we seek
(1 millf-hartree accuracy). For this reason we
choose to include only the important CSF's in the
MCSCF - CI. Calculations for Mg0 using an STO ba-
8is set show that this procedure yields Re's and
Te's in excellent agreement with experiment.

We should note a few technical aspects of our
procedure, The FVMCSCF is made ‘possible by using
a second-order MCSCF procedure. Instead of solv-
ing the simultaneous equations, we employ a Super-
CI technique with a procedure for damping the
eigenvector far from convergence. In our impli-
mation a variable number of CI roots can be in-
cluded in the Hessian. We find that far from con-

vergence including all lower roots improves conver-
gence and only near convergence are all roots cou-
pled in and quadratic convergence observed. The
inclusion of all lower CI vectors is an important
aspect of the second order MCSCF treatment of ex-
cited states. This is to be contrasted to the tra-
ditional generalized Brillouin theorem MCSCF where
one often needs to shift the diagonal elements of
the Super - CI Hamiltonian in order to prevent root
f1ipping. In the case of higher roots of ionic
molecules the lower state orbitals or the orbitals
of a non-variational SCF do not always provide a
good set of starting orbitals. In these situations
the use of damping, can be very important. In some
cases, the roots flipped as the higher root orbit-
als were optimized. However, convergence was ob-
tained in these cases by freezing orbitals in the
lower root for a few iteration and the eliminating
the constraint. In the cases where the apparent
variational collapse was a result of a poor choice
of atarting orbitals, this procedure works well.
However one must be careful that this procedure
does not lead to a local minime. We should also
note that we have found corresponding orbitals very
useful in comparing two sets of orbitals. For ex-
ample, by computing the corresponding orbitals’be-
tween the lowest root and a root just as it under-
goes variational collapse, it becomes trivial to
observe which orbital or orbitals differ in the two
states.

The procedure discussed in this paper are
based on the assumption that MCSCF calculations
containing more than a few hundred C§§'s are not
routinely possible, however Schaefer” "has recently
reported an MCSCF including more than 10,000 CSF's
Since Schaefer is using a first order method to op-
timize the orbitals, it is not clear that reason-
gble convergence will be obtained for a CI(SD) us-
ing a general MCSCF reference. Second order MCSCF
techniques? have been shown to provide excellent
convergence for a general list of CSF's and this
method in principle could be used to treat problems
including large numbers of CSk's. However, the
amount of work needed to construct the Hessian and
solve the simultaneous equations could become pro-
hibitively large. If these techniques lead to the
ability to routinely perform very large MCSCF cal-
culations, the need to perform a separate CI cal-
culation will be eliminated for most calculations.
However, the procedures described will still be
useful in determining the list of reference config-
urations and an initial set of orbitals for the
larger MCSCF.
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